Reducing quantum-regime dielectric loss of silicon nitride for
  superconducting quantum circuits by Paik, Hanhee & Osborn, Kevin D.
APS/123-QED
Reducing quantum-regime dielectric loss of silicon nitride for
superconducting quantum circuits
Hanhee Paik∗ and Kevin D. Osborn
Laboratory for Physical Sciences
College Park, MD 20740
(Dated: October 22, 2018)
Abstract
The loss of amorphous hydrogenated silicon nitride (a-SiNx:H) is measured at 30 mK and 5 GHz using
a superconducting LC resonator down to energies where a single-photon is stored, and analyzed with an
independent two-level system (TLS) defect model. Each a-SiNx:H film was deposited with different con-
centrations of hydrogen impurities. We find that quantum-regime dielectric loss tangent tanδ0 in a-SiNx:H
is strongly correlated with N-H impurities, including NH2. By slightly reducing x we are able to reduce
tanδ0 by approximately a factor of 50, where the best films show tanδ0 ' 3 × 10−5.
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TABLE I: a-SiNx:H film and resonator sample properties: precursor gas ratio fN2/SiH4 , refractive index n
measured at 633 nm, compressive stress σc (MPa), ratio of N-H bond concentration to total N-H and Si-H
concentration cN−H/cH , and five resonator fit parameters.
samples fN2/SiH4 n σc (MPa) cN−H/cH tanδ0×106 V c (µV) ∆ f R (GHz)
A (Si rich) 1 2.159 886 31 25 3.8 0.35 4.970
B (Si rich) 1.1 2.094 1178 40 25 2.0 0.35 4.987
C (Si rich) 1.12 2.065 1000 38 25 2.0 0.35 5.170
D (N rich) 1.2 1.922 82 72 500 0.65 0.28 5.196
E (N rich) 1.21 1.916 100 83 1200 0.12 0.28 5.350
Superconducting quantum circuits use amorphous dielectric films for wiring crossovers and
capacitors [1–3], but these films often cause loss at low temperatures in the quantum-regime where
the resonator is occupied by a single photon. These defects can be described by a tunneling two-
level system (TLS) model [4]. There has been recent interest in the low-temperature properties
of dielectrics in superconducting devices [6, 7, 9] because they can increase the decoherence rate
1/T1 in a superconducting phase qubits [10] and the phase noise in microwave kinetic inductance
detectors [8].
While both films are common in microelectronics, amorphous hydrogenated silicon nitride (a-
SiNx:H) is found to exhibit less dielectric loss than silicon dioxide (SiO2) in the quantum regime
[10]. Close to the stoichiometric point x' 4/3, the electronic and optical properties of this film are
determined by the dominant hydrogen impurity which can be changed by deposition conditions
[11].
In this paper we first show the composition of five films grown under the condition where there
is a strong variation in relative hydrogen impurity type. Then we present low-temperature loss
measurements of the a-SiNx:H films using superconducting resonators. The loss in the quantum-
regime of the films varied dramatically as the relative amount of N-H and Si-H impurities was
changed, and in particular we discovered that the NH2 concentration is proportional to the TLS
density indicating that NH2 may be responsible for the microscopic loss. This research demon-
strates the low temperature dielectric loss in a-SiNx:H can be reduced by reducing nitrogen impu-
rities.
The a-SiNx:H films were deposited using inductively-coupled plasma chemical vapor deposi-
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FIG. 1: FT-IR absorbance versus wavenumber ν = 1/λ , shown with offsets for better viewing. The nitrogen
to silane ratio increases from film A to E.
tion (ICP CVD) in an Oxford Plasmalab 100, using nitrogen (N2) and 100% silane (SiH4) precur-
sor gases. The films were deposited at T = 300 ◦C at a pressure of 5 mTorr, with an ICP power of
500 W, and a nominal rf power of 4 W. Table I summarizes the device parameters and loss tangent
fit results in terms of the precursor gas flow rate ratio of N2 to SiH4, fN2/SiH4 . The SiH4 flow rate
was set to 10 sccm for all films except for E (9 sccm) while N2 flow rate was varied.
The refractive index and the compressive stress were used to determine whether a film is N-rich
or Si-rich. [11, 16]. An N&K Analyzer NKT1500 was used to measure the film refractive index
at λ =633 nm and the thickness, and a KLA Tencor P-10 profilometer was used to measure film
stress. For N-rich films, the refractive index is below 2 and the compressive stress is significantly
reduced. Only a 10 % change in fN2/SiH4 yielded a 1 GPa change in stress implying a large change
in the structure of the film when the stoichiometry changes between N-rich and Si-rich. The
refractive index and stress were also consistent with a second set of 5 films that were measured
with rf, and the growth rate in the films also systematically depended on the stoichiometry (not
shown). Although the parameters may depend on the particular machine, a similar procedure can
be performed with another deposition system to find this crossover stoichiometry.
To evaluate the impurity types of the a-SiNx:H films, we measured FT-IR absorption with a
Nicolet 670 attenuated total-reflection FT-IR spectrometer with a ZnSe prism. The films for FT-
IR analysis were deposited to 1 µm thick to prevent absorption from the underlying substrate
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and were deposited immediately after those of the resonators. Figure 1 shows the absorption
spectra with baseline correction of five SiNx:H films (A to E). The six absorption bands identified
include 1) the Si-N stretching mode appears at 890 cm−1, 2) the N-H bending mode at 1180
cm−1, 3) the H-N-H scissoring mode at 1545 cm−1, 4) the Si-H stretching mode at 2180 cm−1,
5) the N-H stretching mode at 3340 cm−1 and 6) the H-N-H stretching mode at 3460 cm−1 [12–
14]. The relative concentration of N-H bond concentration to the sum of the N-H and Si-H bond
concentrations cN−H/cH is estimated from the corresponding stretching mode absorbances and
the relative absorptivity of the two modes (shown in Table I). The low value (< 40%) of cN−H/cH
for films A, B, and C and the high value (> 70%) of D and E indicates that the former films are Si-
rich and the later films are N-rich. It is interesting that NH2 absorption modes (both scissoring and
stretching) appear strongly in N-rich samples D and E, which shows a N-rich film has a different
bonding structure than a Si-rich film as reported previously [12, 15].
We measured dielectric loss of a-SiNx:H films within fabricated Al superconducting LC res-
onators (see Figure 2). The LC resonator consists of a meandering inductor L and a parallel-plate
capacitor Cˆ in parallel. Here Cˆ=C(1− i tanδ ) whereC is the real part of the capacitance and tanδ
is the loss tangent from dielectric. The L and C couple to a coplanar waveguide [Figure 2(a)] to
form a notch-filter resonator.
For loss tangent measurement, we used an Anritsu 68369A microwave synthesizer, frequency
locked to an Agilent E4440A spectrum analyzer. The driving line is attenuated with 20 dB at-
tenuators at both 1 K and the base temperature stages and the input line is calibrated at room
temperature. The return line is isolated by a PAMTech circulator at the 1 K stage and the transmit-
ted signal is amplified with a 4-12 GHz Caltech HEMT amplifier at 4K. Thermal photons from the
circulator at 1 K, can create on the order of one thermal photon in our resonators, allowing us to
measure coherent response down to the quantum-regime. We obtained the loaded quality factor Q
and the internal quality factor Qi by fitting the measured power transmission to our model function
|t|2 given by
|t|2 =
∣∣∣∣1− eiφ 1−Q/Qi1+2iQ( f − f0)/ f0
∣∣∣∣2 . (1)
A loaded Q and an internal Qi are the fitting parameters together with a resonance frequency f0 and
a loss tangent is given as tanδ = 1/Qi. The coupling quality factor Qe is
(
Q−1−Q−1i
)−1 ' 20000
for our resonators, and the parameter φ accounts for small impedance mismatches for waveguides
near our resonator. The capacitor dielectric has a thickness of 250 nm, and a nominal capacitance
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FIG. 2: a) Photograph of notch-type aluminum LC resonator with a SiNx parallel plate capacitor. Size
of the capacitor (shown in right) is 80µm by 80µm. The substrate is sapphire which appears black in the
photograph. b) Loss tangent curves of samples A to E measured at 30 mK (shown with markers) with the
two-level system model fit in Eq. (2) (shown with fit curves).
of 1.47 pF assuming a relative permitivity of 6.5, which at < V 2 >1/2≈ 3× 10−7 corresponds to
an average photon number of 〈n〉 ≈ 0.1 (not including thermal photons). However, from the the
resonant frequency in Table I, it is apparent that the dielectric constant changes with stoichiometry.
Figure 2(b) shows the loss tangent of a-SiNx:H films at 30 mK as a function of RMS voltage V
on the resonator. The error bars are from our χ2 fit of the resonance peaks to the model function
|t|2. The horizontal scale error is limited by a calibration of our input line at room temperature. We
fit the low temperature loss tangent data to a two-level system defect model with a parallel-plate
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FIG. 3: Density of states as a function of NH2 bonding peak area in FT-IR measurement.
geometry which is given as
tanδ =
piρ(er)2tanh(h¯ω/2kBT )
3ε
√
1+(ΩR)2T1T2
' tanδ0√
1+(V/Vc)2−∆
(2)
where ρ is the TLS density of states, e is the electron charge, r is a distance between two level
sites, ε is a permittivity of the film, ΩR = eVr/h¯d is a TLS Rabi frequency, V is an RMS voltage,
d is the thickness of a-SiNx:H, ω is the angular resonance frequency and T is the temperature of
the resonator [10]. Here the intrinsic loss tangent tanδ0 which is defined as the dielectric loss in a
single photon regime is a function of TLS density of states ρ and Vc is a threshold voltage where
saturation starts to occur in TLS [5]. The fitting parameters are summarized in Table I.
Surprisingly, Si-rich SiNx:H films (A, B and C) showed a 20 and 50 lower intrinsic loss than
the N-rich films (D and E). This also implies that the TLS density of states ρ is correlated with the
N-H bond concentration. We believe the results are reproducible from the fact that the samples A,
B (low loss) and D (high loss) were fabricated 8 months after the samples C (low loss) and E (high
loss) were made. We confirmed our film’s reproducibility by making another low-loss a-SiNx:H
film 4 months after these films A, B, and D, using the same recipe as the sample A. With that new
film we obtained tanδ0 ' 3× 10−5, which agrees with the original measurement of film A.
In Figure 3, we plot ρ normalized by the TLS density of states ρ0 of the lowest loss film (from
samples A, B and C) as a function of NH2 scissoring mode absorption band area ANH2 , which is
proportional to the concentration of the NH2 bond [13, 16, 17]. We find that ρ is proportional to
ANH2 and the amount of NH2 in the three Si-rich films (samples A, B and C) is much smaller than
the N-rich samples. (Note that the NH2 stretching mode almost disappears for the Si-rich films
A, B and C.) Therefore, for the two N-rich a-SiNx:H films, NH2 is likely responsible for the TLS
dielectric loss.
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The mechanism by which NH2 bonding causes low temperature loss can be understood by
comparing the film with one composed of silicon dioxide with hydrogen impurities (SiOx:H). The
N-rich a-SiNx:H is known to have a local bonding arrangement that is usually seen in Si(NH)2
[12, 15] which is isoelectric and isostructural with SiOx:H. In this case, O is substituted with NH
[11, 12, 15], thus the NH2 impurity in a-SiNx:H is analogous to the OH impurity in SiOx:H. The
molecular motion of the OH bond is believed to cause the low-temperature loss in a-SiO2 [4, 5];
and similarly, the molecular motion of NH2 may cause the loss in a-SiNx:H.
The measured loss tangent includes the loss from the few nanometer thick native aluminum
oxide on top of the bottom Al electrode, which was not removed. In our case with a parallel plate
capacitor, the field energy that resides in the native oxide is on the order of 10−2 of the total electric
field energy. If we assume that the observed loss is entirely from the native oxide, then the loss
tangent of the aluminum oxide is tanδ0,AlOx ' 3×10−3, which is similar to the previously reported
estimates [10].
In conclusion, we have measured the quantum-regime loss tangent of five a-SiNx:H films at
30 mK. Each film was grown with a different precursor gas flow rate ratio fN2/SiH4 , such that
films were rich in either Si-H or N-H impurities. We found that the NH2 bond in N-rich a-SiNx:H
is correlated with TLS-induced dielectric loss and were able to reduce the quantum-regime loss
tangent to 3 × 10−5 by making a-SiNx:H films Si-rich.
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